nature neurOSCIenCe a r t I C l e S Network information coding requires precision in the extent and synchrony of activity within glutamatergic principal cell assemblies that is largely orchestrated by local circuit inhibitory interneurons. Though sparse, representing only 15-25% of cortical neurons, individual interneurons typically have extensive axonal arborizations, innervating thousands of postsynaptic targets providing an economical system for rapid network synchronization 1,2 . Precision in this coordination relies upon remarkable diversity within the interneuron population that allows for exquisite spatiotemporal control of principal-cell excitability. Indeed, distinct interneuron subtypes with unique developmental, morphological, neurochemical and electrophysiological profiles are differentially recruited by active circuits to rapidly entrain principal-cell populations into patterns of rhythmic activity such as theta and gamma oscillations 3 . Despite the high degree of interneuron heterogeneity, members of a given subtype typically exhibit homogeneous developmental origins and anatomical, molecular and electrical features that allow them to perform the same functional roles within divergent forebrain microcircuits. The fine control over network dynamics by a minority of cells offers an efficient substrate for neuromodulatory signals to be transmitted and amplified for regulation of circuit activity 4 . One system that has exploited this arrangement is the ascending subcortical projection path originating from serotonin (5-HT)-containing neurons of the median raphe nucleus. These serotonergic fibers densely innervate the hippocampal formation where they terminate on specific subtypes of interneurons 5, 6 to rapidly modulate hippocampal activity in a manner dependent upon recruitment of GABAergic signaling 7, 8 . Of significance is the observation that serotonergic afferent target specificity is paralleled by the restricted expression of 5-HT 3 Rs to subsets of cortical interneurons 9,10 . Although seven main classes of 5-HT receptors exist, 5-HT 3 Rs represent the only fast-signaling ionotropic receptors within the family, making them probable molecular candidates to mediate the rapid modulation of network dynamics by behavioral state-driven changes in serotonergic input.
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Two recent studies characterizing Htr3a-GFP reporter transgenic mice found that in the neocortex, 5-HT 3A R expression is highly restricted to caudal ganglionic eminence (CGE)-derived interneurons expressing calretinin (Calr), vasoactive intestinal peptide (VIP), cholecystokinin-(CCK), neuropeptide Y (NPY) and reelin with minimal expression by medial ganglionic eminence (MGE)-derived parvalbumin (Parv) and somatostatin (SOM) cell populations [9] [10] [11] . Indeed, developmental studies have revealed substantial 5-HT 3A R expression in cells emerging from CGE, but not MGE, progenitor zones 9, 11 . Here we confirm the expression of 5-HT 3A Rs in all prototypical CGE-derived hippocampal interneurons including Calr-, VIP-, reelin-and CCK-expressing cohorts. However, we additionally discovered a prominent subpopulation of hippocampal SOM-containing interneurons that express functional 5-HT 3A Rs. This divergence even extended to anatomically and electrophysiologically confirmed O-LM interneurons, parsing this otherwise uniform cohort into subpopulations containing or lacking 5-HT 3A Rs. Moreover, these two O-LM subsets were found to differentially participate in hippocampal network oscillations, with the degree of 5-HT 3A R-containing O-LM cell recruitment regulated by serotonergic tone. Our findings reveal a remarkable divergence within what has until now been considered an anatomically, neurochemically and electrically homogeneous interneuron subtype with singular developmental origin, indicating that individual members of seemingly uniform interneuron populations may have unique circuit functions and neuromodulatory properties dictated by disparate developmental origins.
RESULTS

A subpopulation of Htr3a-GFP+ interneurons express SOM
We initially determined the migratory routes and time course for hippocampal invasion by the Htr3a-GFP-expressing (Htr3a-GFP+) cells throughout development. In the embryo, tangentially migrating streams of labeled cells were evident in the marginal and subventricular zones (Fig. 1a) . The first Htr3a-GFP+ cells entered the hippocampal anlage at embryonic day 13.5 (E13.5) (Fig. 1a,c) , and their density increased during subsequent development (E13.5 to E18.5), with peak values measured around the day of birth (P0; Fig. 1a,c) . During the first postnatal week, a tenfold decrease in whole hippocampal density occurred with levels reaching stability at approximately P20-P30 (Fig. 1a,c) . This reduction probably reflects the combined effects of dilution owing to expanding brain volume and neuronal death, as previously described 12, 13 . In general, the migratory routes, time course and biphasic density profile of Htr3a-GFP+ cells populating the hippocampus parallel our prior observations for invasion of hippocampal interneurons obtained in different interneuron reporter lines 14 . Notably, the ultimate density of Htr3a-GFP+ cells in mature Htr3a-GFP mice is approximately twice that measured previously in a CGE reporter line (GAD65-GFP) that we estimated to reveal only 50% of all CGE-derived hippocampal interneurons 12 . Thus, as for the neocortex 9,11 , the Htr3a-GFP line seems to comprehensively report CGE-derived interneurons of the hippocampus.
We next examined the neurochemical identity of Htr3a-GFP+ cells in hippocampal sections by performing immunocytochemical analyses employing well-established markers. For these experiments we used sections from Htr3a-GFP mice obtained at P30, a developmental stage at which labeled cells have reached a steady state density (Fig. 1c) . Focusing on the CA1 subfield, we found that GFP was expressed by the majority of CCK+ (78 ± 7%; mean ± s.e.m.), Calr+ (74 ± 9%) and VIP+ (75 ± 7%) cells (Fig. 1b,d) , all of which arise from CGE progenitors 12, 15 . Similarly, a high percentage of reelin+ cells (67 ± 7%) coexpressed GFP, particularly in stratum lacunosum moleculare (St.LM) where reelin expressing cells probably comprise the CGEderived subset of neurogliaform interneurons 14, 16 (Fig. 1b,d) . Virtually no expression of GFP was noted in hippocampal Parv+ interneurons (2 ± 2%; Fig. 1b,d ) in agreement with observations in the neocortex of Htr3a-GFP mice 9, 11 . However, in striking contrast to neocortical observations, a number of hippocampal SOM+ cells were GFP+ in Htr3a-GFP mice (32 ± 15%; Fig. 1b,d) accounting for approximately 10% of all GFP+ cells located in CA1 (Fig. 1e) . A subpopulation of O-A interneurons are known to express both Parv and SOM 17 (Parv+/SOM+). From the minimal overlap of Htr3a-GFP and Parv described above (Fig. 2c) it is unlikely that this subset is CGE derived. Nevertheless, we directly tested this using double immunofluorescence staining of Parv and SOM in both Htr3a-GFP and MGE reporter Nkx2-1-cre:RCE mouse lines and confirmed that all Parv+/ SOM+ interneurons are MGE derived (Supplementary Fig. 1) .
Neocortical interneurons display a patterned laminar distribution, with CGE-derived interneurons predominantly located in superficial layers and MGE-derived interneurons more prominent in deep layers 9, 11, 18, 19 . Consistent with the superficial-layer preference of CGEderived interneurons, we found that most GFP+ cells in the CA1 of Htr3a-GFP mice localized to St.LM, where they typically coexpressed the CGE markers reelin, CCK, Calr or VIP but not the prototypical MGE markers Parv or SOM (Fig. 2a-c) . Whereas only a minority of GFP+ cells populated the deeper stratum radiatum (St.R) and pyramidale (St.P) layers, a relatively large number of labeled cells localized to the deepest hippocampal layer within stratum oriens-alveus (O-A), MZn npg a r t I C l e S revealing a divergence from the stratification of Htr3a-GFP+ interneurons of the neocortex 9 (Fig. 2a,b) . Within O-A almost half of the GFP+ cells were immunopositive for SOM (39 ± 5%; mean ± s.e.m.) indicating that the CGE-derived SOM+ interneurons are prevalent and exhibit a stratification preference similar to their MGEderived counterparts 12 (Fig. 2c) . In addition to reporting putative reelin+, St.LM-restricted CGE-derived neurogliaform cells 14, 16 , the Htr3a-GFP transgenic mouse also revealed a population of reelin+ interneurons in O-A (Fig. 1b) , a lamina that we now show contains a marked population of Htr3a-GFP+ SOM+ interneurons (Fig. 2c) . In fact, a large percentage of the SOM+ Htr3a-GFP+ cells were also found to contain reelin (68 ± 22%; mean ± s.e.m.; data not shown), consistent with the common colocalization of reelin and SOM in neocortical and hippocampal interneurons 9, 16, 18 . In the neocortex, a subset of SOM+ interneurons also express Calr 20, 21 , but this neurochemical signature is not prevalent in the hippocampus. Indeed, although Htr3a-GFP mice report the vast majority of hippocampal Calr+ cells (Fig. 1b,c) , we did not observe substantial overlap with the SOM+ population of GFP+ cells in this line (3.5 ± 2.8%; mean ± s.e.m.; data not shown).
As highlighted above (Fig. 1c) , a dramatic reduction in the density of Htr3a-GFP+ cells was noted during postnatal development. To determine whether the proportion of SOM+ GFP+ cells observed in the Htr3a-GFP mouse remains constant throughout this period, we examined the extent of overlap at various postnatal ages. Our data show that the percentage of Htr3a-GFP GFP+ cells that coexpressed SOM in O-A remained constant between P5 and P60, demonstrating the persistence of this interneuron subpopulation (Fig. 2d,e) .
To verify the existence of a putative CGE-derived hippocampal SOM+ interneuron cohort, we employed an alternate strategy to label CGE-derived interneurons. To this end we examined the Mash1creER: RCE mouse line 12, 18 , in which GFP expression is limited to subpopulations of CGE-derived interneurons born within approximately 1 d of maternal tamoxifen administration during embryogenesis. Our data demonstrate the presence of GFP+ O-A interneurons colabeled with SOM following tamoxifen administration at E12.5, E14.5 or E16.5 ( Fig. 2f-h ). These findings confirm the existence of CGE-derived SOM+ cells with temporal origins that are delayed relative to MGEderived SOM+ cells, consistent with the overall delayed pattern of CGE neurogenesis relative to that in the MGE 12, 18, 19 .
Properties of SOM+ interneurons reported in Htr3a-GFP mice Although the laminar positioning (O-A preference) and neurochemical profiles (reelin+/Calr−) of SOM+ cells reported in Htr3a-GFP mice are similar to MGE-derived SOM+ hippocampal interneurons, it remains possible that the CGE contributes a unique subset of O-A SOM+ cells with distinct features. Indeed, in addition to unique immunocytochemical signatures, distinct interneuron subtypes may be parsed on the basis of their anatomical and physiological characteristics 22 . Moreover, considerable diversity is known to exist npg a r t I C l e S within the SOM+ cohort of cortical interneurons 12, 23, 24 . We therefore performed patch-clamp recordings in acute hippocampal slices of Htr3a-GFP mice targeting individual GFP+ cells in CA1 O-A to determine the functional and anatomical features of the CGEderived SOM+ interneuron cohort. Out of 58 O-A GFP+ interneurons recorded in the Htr3a-GFP line, 29 (i.e., 50%) were found to be SOM+, a value in close agreement with the overall degree of colocalization between SOM and GFP in the O-A region of these mice (Fig. 2c,e) , and subsequent analyses were restricted to this subset. Although a population of cells exhibited low input resistance with fast-spiking stuttering firing properties similar to a group of SOM+ interneurons described in layer IV neocortex 23 (Fig. 3a) , the majority exhibited high input resistances, slow membrane time constants, notable depolarizing sag upon hyperpolarization and slow accommodating action potentials 12, 24, 25 ( Fig. 3b-d and Table 1 ). Anatomical recovery following whole-cell recordings revealed that all SOM+/GFP+ cells possessed horizontally oriented dendrites primarily within O-A and axonal projections that targeted O-A, St.R and St.LM ( Fig. 3a-d) .
Of particular note was the recovery of SOM+/GFP+ interneurons with significant axonal ramification in St.LM, a distinctive feature of the O-LM subtype of interneuron (Fig. 3d) , a cell type that is also reported in Nkx2-1-cre:RCE MGE reporter mice 12 . To independently verify the existence of a CGE-derived cohort of O-LM interneurons we examined whether these interneurons comprise a portion of the SOM+ cells reported by the Mash1creER:RCE CGE mouse line. GFP+ O-A interneurons in juvenile Mash1creER:RCE mice exposed to tamoxifen at E14.5 ( Supplementary Fig. 2a ) were targeted for wholecell recording and subsequent anatomical recovery. As expected for a CGE-reporter mouse line, a large proportion of recovered cells were non-fast spiking (presumably CCK) basket cells 12 ( Supplementary  Fig. 2b) Fig. 2c ) further confirming that a subpopulation of hippocampal O-LM cells originate from the CGE.
Early and protracted expression of SOM by Htr3a-GFP+ cells
The major difference between MGE-and CGE-derived SOM+ cells defined in our study relates to 5-HT 3A R promoter activity and thus, presumably, 5-HT 3A R expression. However, the Htr3a-GFP transgenic mice exploited in this study do not label cells in a permanent fatemapped manner, yielding expression of GFP only in the cohort of cells (Fig. 2d-e) , it remains possible that all hippocampal SOM+ interneurons, including the entire O-LM subpopulation, transition through a phase of 5-HT 3A R expression, with many of them downregulating these receptors. To assay this possibility, we crossed Htr3a-cre mice (GENSAT) 26 with a loxP-flanked ('floxed') tdTomato reporter mice 27 (Ai14) to permanently label all cells that have expressed 5-HT 3A R promoter-driven Cre activity at any point during their lifespans. As for the Htr3a-GFP transgenic line, the resulting Htr3a-cre:tdTOM offspring reported only a subset of O-A SOM+ interneurons at P30-P60 (42 ± 5%; mean ± s.e.m.; Fig. 3e-h ), confirming that just over half of the O-A SOM interneuron population had never exhibited 5-HT 3A R promoter activity. As O-LM interneurons represent the dominant subset of hippocampal O-A SOM+ interneurons 28 , these findings are consistent with the parsing of O-LM interneurons into a subset that stably expresses 5-HT 3A Rs (CGE-derived) and another that never expresses these receptors (MGE-derived).
One potential explanation for the apparent dual origins of O-LM interneurons could be that the Htr3a-GFP and Nkx2-1-cre:RCE transgenic lines overlap in reporting this cell type. Despite segregation of the GFP+ cells to MGE and CGE progenitor zones in Nkx2-1-cre:RCE and Htr3a-GFP embryos, respectively 9, 11, 20, 29 , it is possible that a subset of MGE-derived O-LM interneurons from the Nkx2-1 lineage are induced to express 5-HT 3A Rs during migration or after taking up residence in the hippocampus. To initially examine this possibility we crossed the Htr3a-GFP mouse line with an Nkx2-1-cre: tdTOM line to determine the extent of overlap between the genetically reported cells among O-A interneurons (Fig. 4a) . Notably, the low overall percentage overlap of Nkx2-1-cre-tdTOM+ and Htr3a-GFP+ cells (7.7% ± 3.6%; mean ± s.e.m.; Fig. 4a,b) is in agreement with observations in the neocortex 9 . Specifically examining the SOM+ cohort of O-A interneurons we found that approximately 65% have Nkx2-1 lineage with the remainder being reported by Htr3a-GFP (Fig. 4a,c) consistent with our previous data in the individual mouse lines 12 (Fig. 2c) . Even when limiting evaluation of overlap to this SOM immunopositive population within O-A, we observed that only 11.3% ± 5.1% (mean ± s.e.m.) of SOM+ cells dually expressed Nkx2-1-cre:tdTOM and Htr3a-GFP (Fig. 4a,c) . Therefore the vast majority (approximately 90%) of Htr3a-GFP+ O-LMs do not possess Nkx2-1-cre activity during any point in their development, consistent with our previous data demonstrating a lack of 5HT 3A R mRNA in hippocampal interneurons reported in the Nkx2-1-cre:RCE mouse line, including O-LM interneurons 12 .
Electrophysiological comparison of O-LMs from CGE and MGE
We next investigated whether MGE-and CGE-derived O-LM interneurons diverged in their physiological properties. The two populations of O-LM interneurons exhibited high input resistances, slow membrane time constants, notable membrane depolarizing sag upon hyperpolarization, slow action potentials and moderate frequency accommodating spike discharges upon sustained depolarization. Thus, O-LM interneurons derived from the MGE and CGE, respectively, could not be differentiated on the basis of any of the passive membrane and firing parameters tested (Fig. 4d-g and Table 1 ). Recruitment of O-LM interneurons via muscarinic receptors, in particular M1 and M3 subtypes, may have an important function in the entrainment of the hippocampal network during physiologically relevant rhythms 25, 30 . We therefore tested whether functional expression of muscarinic receptors was confined exclusively to either MGE-or CGE-derived O-LM interneurons. Our data showed that both MGE-and CGE-derived O-LM interneurons display the previously observed muscarinic receptor-mediated increases in firing and the emergence of a pronounced after-depolarization following a train of action potentials 25 (Supplementary Fig. 3 ). Another stereotypical feature of O-LM interneurons is the expression of group 1 metabotropic glutamate receptors (mGluRs) 31 , particularly the mGluR1a subtype 17 . Expression of mGluR1a protein was observed in subsets of both MGE-and CGE-derived SOM+ O-A cells (Supplementary Fig. 4a,b) . Moreover, all GFP+ O-LM cells tested in Htr3a-GFP (n = 3) or Nkx2-1-cre:RCE (n = 4) mice responded to bath-applied mGluR1/5 agonist (Supplementary Fig. 4c-e) . Thus, MGE-and CGE-derived O-LM cells cannot be distinguished on the basis of basic membrane and spiking properties or muscarinic and mGluR1 or mGluR5 response profiles.
To this point, other than origin, the only identifiable difference between MGE-and CGE-derived O-LM cells relates to 5-HT 3A R expression. Therefore, we tested whether the two subsets of O-LM cells functionally segregate with respect to 5-HT 3A R activation. We performed post hoc morphological analyses and included only cells that displayed typical O-LM anatomies in the data sets (Fig. 4d,g ). In 14/15 Htr3a-GFP+ O-LM interneurons, local somatic application of the 5-HT 3A R-specific agonist 1-(3-chlorophenyl)biguanide npg a r t I C l e S hydrochloride (mCPBG; 1 µM) elicited a fast inward current under voltage-clamp conditions at a holding potential of −60 mV (Fig. 4d,h,i) . In all cells tested, this response was significantly inhibited by the 5-HT 3A Rspecific antagonist ondansetron (Wilcoxon signed-rank test, P = 0.0079; Fig. 4d,i) , thus confirming the presence of functional 5-HT 3A R expression in the CGE-derived subset of O-LM interneurons. Furthermore, in 4/5 Htr3a-GFP+ O-LM interneurons, local application of 100 µM nicotine also produced a fast inward current that was significantly blocked by the specific receptor antagonist methyllycaconitine (MLA) (Wilcoxon signed-rank test, P = 0.0041; Fig. 4e,h,i) , demonstrating the additional expression of functional nicotinic receptors in agreement with previous studies of neocortical Htr3a-GFP+ interneurons 9 . In contrast, no O-LM interneurons reported in Nkx2-1-cre:RCE mice responded to mCPBG (Fig. 4f-h ), although they did exhibit robust nicotinic receptor-mediated responses that were also significantly blocked by MLA (Wilcoxon signed-rank test, P = 0.0198; Fig. 4g-i) . These data clearly confirm a divergence between MGE-and CGE-derived O-LM interneurons with respect to functional 5-HT 3A R expression. Because of this distinction, we expect that CGE-derived O-LM interneurons will be preferentially recruited over O-LM interneurons derived from the MGE during behavioral states that engage the raphe nucleus.
MGE and CGE O-LM recruitment during network activity
An additional feature used to define distinct interneuron subtypes relates to the temporal structure of their firing during discrete circuit rhythms 3, 32 . Thus, we investigated whether MGE-and CGE-derived O-LM cells differentially participated in hippocampal network oscillations. Brief local application of 1 mM kainate within the CA1 St.R readily produced gamma oscillations 33, 34 ( Supplementary Fig. 5 ) during which we monitored the firing of CGE-or MGE-derived O-LM cells (Fig. 5a,b) . Although none of the O-LM cells fired under basal conditions, most (85%) fired during kainate-induced gamma (Fig. 5c-e) , consistent with previously reported participation of O-LM cells in carbachol-induced gamma oscillations in vitro 35 . CGE-derived O-LM cells (n = 30) exhibited a mean firing probability per gamma cycle of 0.033 ± 0.008 (mean ± s.e.m.), which was significantly lower than that measured in MGE-derived O-LM cells (n = 16, comprised of 5 Nkx2-1-cre:RCE cells and 11 5 Htr3a-GFP-negative cells) that displayed a mean firing probability per gamma cycle of 0.158 ± 0.029 ( Fig. 5e ; P = < 0.0001, Mann-Whitney U-test). Notably, the mean gamma-band power in recordings between Htr3a-GFP (1.013 ± 0.21 µV 2 /Hz; mean ± s.e.m.; n = 28) and Nkx2-1-cre:RCE (1.02 ± 0.28 µV 2 /Hz; n = 11) mice was not significantly different ( Supplementary Fig. 6a,b ; npg a r t I C l e S P = 0.413, Mann-Whitney U-test), nor was the mean gamma frequency (70.6 ± 1.1 Hz versus 73.0 ± 1.9 Hz (mean ± s.e.m.) in slices from Htr3a-GFP and Nkx2-1-cre:RCE, respectively; P = 0.413, Mann-Whitney U-test; Supplementary Fig. 6c ). To better control for any potential slice-to-slice variability in oscillations, we simultaneously recorded CGE-and MGE-derived O-LM cells in the same slice in a subset of experiments by dually recording from GFP+ (CGE-derived) and GFP-negative (presumed MGE-derived) O-LM interneurons in Htr3a-GFP mice. Under experimental conditions in which MGE-and CGE-derived O-LM interneurons were subject to the same kainate-induced gamma-band power simultaneously, a difference in mean firing probability during the oscillations was still evident (GFP+ CGE O-LM versus GFP-MGE O-LM: 0.027 ± 0.011 versus 0.061 ± 0.010 (mean ± s.e.m.), t = 5.76, P = 0.0104, paired t-test, Supplementary Fig. 7 ). These data firmly exclude any potential differences in kainate-induced gamma power and frequency between slices as the underlying cause of the divergent recruitment of MGEand CGE-derived O-LM interneurons. Considering the phase preference of the gamma oscillation for O-LM cell peak firing (20° bins), CGE-derived O-LMs were weakly but significantly phase-locked at 211° with a mean firing probability of 0.004 (R = 1.05, P = 0.043, Moore's nonparametric second-order one-sample test, Fig. 5f,h) .
In contrast MGE-derived O-LMs exhibited phase-locking at 177° with a mean firing probability of 0.021 (R = 1.43, P = 0.0017, Moore's nonparametric second-order one-sample test, Fig. 5g,h) . The phase preference of these two cohorts was significantly different (U 2 = 0.46, P = 0.0002, Watson's circular U 2 test) such that MGE-and CGEderived O-LMs had preferences near the peak and the descending phase of the field gamma oscillation, respectively ( Fig. 5f-h) . In summary, these data illustrate that MGE-and CGE-derived O-LM interneurons differentially participate in kainate-induced gamma oscillations and exhibit unique phase preferences revealing that these two O-LM cell populations provide unique functional contributions to network dynamics. The selective expression of 5-HT 3A Rs by CGE-derived O-LM interneurons could permit their preferential recruitment to participate in rhythmic network activity during behavioral states associated with increased serotonergic tone. To test this hypothesis, we investigated whether activation of 5-HT 3A Rs influences O-LM interneuron firing during gamma oscillations. We concurrently applied the selective 5HT 3A R agonist mCPBG (1 µM) locally within O-A during the same brief period that we applied kainate in St.R to induce the gamma oscillations (Supplementary Fig. 5 ). Remarkably, 5HT 3A R activation doubled the firing probability of CGE-derived O-LM cells during each gamma cycle without altering their phase preference (Fig. 6a,c,e ; kainate only: 0.043 ± 0.017 versus kainate + mCPBG: 0.092 ± 0.038 (mean ± s.e.m.), n = 8, W = −30, P = 0.0391, Wilcoxon signed-rank test). In contrast, mCPBG did not alter the firing probability or phase preference of MGE-derived O-LM cells during gamma oscillations (Fig. 6b,d, Fig. 8 ), revealing a further divergence between neocortex and hippocampus. Thus, it is clear that differences of the developmental programs in neocortex and hippocampus with regard to the relationship between embryonic origin and ultimate interneuron identity exist, stressing the importance of specifically investigating distinct brain regions rather than applying dogmatic rules established in one brain region to another. The presence of GFP in neocortical interneurons of Htr3a-GFP mice corresponds to their functional expression of 5-HT 3A receptors 9 . Here we confirm that this is also the case for Htr3a-GFP+ hippocampal interneurons, including those of the O-LM subtype. The differential expression of receptors for neuromodulatory substances such as 5-HT, acetylcholine and cannabinoids between distinct classes of interneurons has been widely appreciated in both neocortex and hippocampus 4, 32 . However, individual members of a given interneuron subtype are typically reported to exhibit homogeneous neuromodulator receptor complements and response profiles [40] [41] [42] . Our current findings reveal an unexpected separation in the 5-HT response profiles of two subpopulations of O-LM cells that have until now been considered a homogeneous interneuron subtype because of their equivalent neurochemical, anatomical and electrical features.
Precise spatiotemporal control over large ensembles of excitatory principal neurons is a key feature of interneuron function within neural circuits. The varied anatomical, membrane and synaptic characteristics of interneurons can greatly affect the role that each particular subtype plays in driving inhibition-based neuronal rhythms such as those characterized by theta, gamma and sharp wave-ripple oscillations 3, 43 . For example, although basket interneurons originating from MGE and CGE expressing either Parv or CCK, respectively, display similar axonal patterns that target the perisomatic regions of excitatory principal neurons, they possess a number of distinct membrane and synaptic properties that promote differential participation in circuit activity 44 . As a consequence, both subtypes of basket cells behave and contribute to network oscillations in markedly different manners, highlighting a division of labor by distinct subtypes of interneurons 3, 45, 46 . In vivo recordings in anesthetized rats demonstrate that O-LM interneurons are uniformly silenced during sharp wave-ripple events and rhythmically recruited during theta oscillations 47 . Although the sample size in this study was small (n = 3) the lack of variance in these response profiles offers no evidence for discrete O-LM cell subsets. However, in vivo studies in both anesthetized and awake, head-fixed rodents, demonstrate that only a proportion (2/6) of O-LM interneurons tested were entrained during hippocampal gamma oscillations, suggestive of a divergence of function within this particular interneuron population 45, 48 . Furthermore, in vitro recordings from acute hippocampal slices have revealed two divergent response profiles of O-LM cells during high-frequency oscillations 49 . Here we demonstrate that MGE-and CGE-derived O-LM cells are differentially recruited during hippocampal gamma oscillations in acute slices from Htr3a-GFP and Nkx2-1-cre: RCE mice using a model of kainate application to induce the network rhythm 33, 34 . Furthermore, our findings clearly show that the participation of only the CGE-derived O-LM interneurons in synchronized hippocampal network activity can be rapidly modified by serotonergic tone consistent with a report that 5-HT 3A R antagonism with ondansetron reduces the recruitment of some hippocampal interneurons in network oscillations recorded in freely moving rats 50 .
In summary, we reveal a previously unrecognized diversity in hippocampal O-A SOM+ interneurons. We have identified (i) a 5-HT 3A R-lacking SOM+ interneuron cohort lineally related to Nkx2-1-driven progenitors within the MGE, and (ii) a 5-HT 3A Rexpressing SOM+ interneuron cohort specified independent of Nkx2-1 and thus probably derived from CGE progenitors. Owing to this distinction, we show that serotonergic tone may preferentially recruit CGE-derived O-LM interneurons over their MGE-derived counterparts during hippocampal circuit oscillations through activation of 5-HT 3A Rs. Notably, the current findings illustrate that dual embryonic origins for a given cell type do not equate simply to cellular redundancy within the hippocampal circuit. Rather, the disparate origins confer unique circuit roles and neuromodulatory properties upon otherwise identical interneurons, perhaps providing a rational basis for the perplexing array of divergent response profiles of anatomically overlapping cell populations to common neuromodulators such as 5-HT and acetylcholine.
METHODS
Methods and any associated references are available in the online version of the paper. 
